Abstract-In this contribution, we are proposing a compact design for an implementation of a two element MIMO antenna destined for LTE smart phones. The antennas are collocated at one end of the PCB to minimize antenna volume. Each element is dual-band and frequency reconfigurable using tunable capacitors. The MIMO performance is investigated in two different channel models through efficiency, branch power imbalance and envelope correlation. The proposed antennas have acceptable levels of isolation between them, even in the low-bands, while having a good efficiency. Furthermore, the correlation coefficient is controlled by manipulating the ground currents between the antennas using a tunable capacitor. Nonetheless, using this mechanism to control the coupling between the antennas, the total efficiency is affected.
I. INTRODUCTION
T HE advent of Multiple Input -Multiple Output (MIMO) in current and future wireless communications standards has drawn considerable attention from the research community in the past years [1] - [14] . Long Term Evolution (LTE) is one of the most widespread standards using this technology [15] . Receiver diversity and small antenna array design has been the subject of numerous research articles. However, due to practical constraints such as antenna isolation, current consumption and RF front-end design, the implementation of MIMO in commercial phones has been restricted to 2x2 downlink only systems.
The capacity increase of MIMO antenna systems is owed to the multi path richness of the wireless propagation channel [16] - [18] . Nonetheless, the performance increases is capped by the number of antennas, the power imbalance between the multiple links or their correlation [1] , [2] . Unless an isolation enhancement technique is implemented, using traditional antennas, MIMO terminals have bad performance in the lower frequency bands of the spectrum allocated in the standards [3] , [4] . Recently, carrier aggregation has been introduced in the 3GPP standardization efforts [15] . This means that the MIMO antenna has to satisfy a more complex set of constraints on top of the already existing ones due to the increased bandwidth requirements.
From the vast amount of available literature on the subject of antenna isolation, a couple of the most common methods are briefly described. The parasitic element method [7] , [8] and the neutralization line [5] , [6] , [19] , [20] introduce an additional coupling current that cancels the already existing electromagnetically induced one at the cost of near field sensitivity and loss in bandwidth. In a similar matter the decoupling networks achieve isolation by providing the cancelation at the feeding of the antenna port [9] - [12] . Ground plane current flow leads to significant antenna volume [13] , [14] .
The focus of this contribution is to investigate the MIMO performance of a compact collocated antenna for the newer, bigger body, smart phones without trying to implement a decoupling technique. Considering that the PCB ground plane is much larger that in the candy-bar type phones, there is a strong incentive to find the limits of MIMO antennas without dedicated isolation mechanism. Part of this work has been approached in [4] , [21] . Still, the area of small high Q antennas is not as well debated. However, in this investigation only the case where the antennas are collocated at one end of the PCB is considered . The content of this paper is starting with the antenna description, continuing with the results and in the last part concluding on the work.
II. PROPOSED ANTENNA DESIGN
The antenna element used here is a printed folded monopole, as illustrated in Fig. 1 . Compactness is the only advantage of having the MIMO array in this configuration, collocated at one of the edges of the phone. The investigation has been carried out using the finite difference time domain method implemented in CST Microwave Studio. The folding and printing on FR4 improves significantly the antenna volume. Each element occupies an area of only 25x10 mm. However, this comes at the cost of sacrificing antenna bandwidth and increasing the ohmic losses. The bandwidth shrinkage can be overcome by adopting a tunable mechanism for the resonance frequency of the antenna nonetheless, the instantaneous bandwidth of the antenna does not cover a whole band, Tx and Rx bands including duplex spacing. Nevertheless, the antenna system can be used as a secondary antenna for MIMO/Diversity or for a MIMO system that supports carrier aggregation by setting different resonance frequencies for the two antennas. For the sake of brevity, the third antenna(main antenna, that covers both Tx and Rx Bands) is not modeled.
Recent advances in tunable capacitors technology suggest that these components are ready to make the transition from research projects to mass production [22] . Utilizing MEMS technology, the design used for this contribution includes a tunable matching network which consists of a pi network with two inductors and one tunable capacitor, as illustrated in Fig. 3 . The first inductor, of 2.5 nH, is used to match the antennas impedance to 50 Ohm and the second inductor, a 5 nH air wound coil, controls the initial resonance frequency of the radiating element which is tuned down by increasing the value of the parallel capacitance. The losses in the matching network have been included in order to have a complete assessment. Furthermore, the components used for the matching network are off the shelf components in order to analyze what is technically possible using the state of the art. The element presented here has a dual band operation mode. As highlighted by Fig. 4 , the two resonances are not independent nonetheless, the frequency offset can be controlled by modifying the distance between the tip of the antenna and the rest of the elements body.
Each antenna design has been evaluated in three different sets of simulation results, in free space and with two different hand phantoms. The free space investigation (Ant+Cassing) probes into the challenges of a practical phone design by including the losses in the feeding network, conductive and dielectric antenna losses(Copper and FR4), phone casing(Rexolyte) and the battery(Nickel). A tunable capacitor is introduced in between the monopoles to control antenna correlation(Coup Cap). The user's influence is investigated by introducing the two user data grips, as shown in Fig. 2 according to the guidelines from [23] . The performance of the antenna has been investigated tuned to six frequency, three in the low bands(728,860 and 960Mhz) and three at the high bands(1.8,2 and 2.2 GHz), to illustrate the tuning range. evaluation of the design against the user influence, we can observe that the one hand grip has a very symmetric effect on the two elements and because the index finger is relatively far from the radiating element, the influence is almost negligible. This is not the case for the two hand grip. In the low band, the ground plane is the main radiator and the antenna element has a high Q. As a consequence it will have concentrated nearfields around the element. In this two hand grip in the low bands, even though the left hand covers most of the radiating element, the ground plane is relatively free because the hands obstruct just the ends of the board so the low band is not so affected compared with the one hand grip. However, the radiation at higher frequencies is severely obstructed because most of the power is absorbed in the palm, as indicated by the low radiation efficiency plotted in Fig. 5 .
Antenna correlation is computed from the gain patterns in isotropic channels and in a measurement derived channel model [24] with an XPR of 5.5 dB, as described in [25] . The directive channel model is rotated in azimuth in 5 degree steps and statistics of the BPR(Branch Power Ratio) and correlation for the two designs are collected in free space and in data mode which are defined as in [25] . The results from Fig. 5 indicate that the coupling capacitor helps decorrelate the antennas. The most dramatic improvement is seen in the simulation with the directive channel model and user hand phantom, as illustrated in table I. By modifying the coupling between the antennas, the capacitor changes the array factor and therefore the gain patterns of the individual antennas. Furthermore, the predominant polarization characteristics of the initial elements are kept and decorrelation is achieved by the change in gain pattern.
IV. CONCLUSIONS
In the paper, a compact tunable dual band antenna has been investigated. In addition, a preliminary analysis has been carried out to investigate the user's influence. State of the art component have been used for the matching network to investigate current practical possibilities for future implementation. It was found that even using a very simple and low cost antenna manufacturing technique (PCB etched in FR4) the components have a quality good enough to have acceptable performance. A simple tunable capacitor is proposed to address the issue of the high correlation in the low bands. It offers a degree of freedom for minimizing the user's effect on the MIMO performance.
